Introduction
Herpesviridae is a large class of animal viruses. Herpes simplex virus type 1 (HSV-1) is a prototypic virus in this taxonomic group. HSV-1 belongs to the Alphaherpesviridae which are most frequently responsible for cold-sore lesions around the lips and mouth. HSV-1 is extensively studied not only as a causative agent of human disease but also as a general model system for the gene expression. In the lytic replication cycle of HSV-1, temporally ordered viral gene expression is typically observed, that is, immediate early, early and late gene (Boehmer & Lehman, 1997; Boehmer & Nimonkar, 2003) . This classification of viral gene is based on the expression timing from the start of the infection. The immediate early gene is expressed within 30 minutes from the infection. The expression of the immediate early gene is introduced by the cooperation between the host transcription factor and VP-16 which is packed in the tegmentum of HSV-1 particle. The protein complex, composed of the host transcription factor and VP-16, binds to the immediate early gene promoter and then activates the immediate early gene expression (Wysocka & Herr, 2003) . Immediate early genes encode the transcription factors. Under the control of the immediate early gene products, other viral genes are expressed (Weir, 2001; Yamamoto et al., 2006) . 2~3 hours after infection, the early gene is expressed, delayed from the immediate early gene and proceeding to the late gene. Finally, the late gene expression has started after 8 hours after infection. Both the early and the late gene expression are regulated by the immediate early gene products such as ICP4 (Kim et al., 2002) . The difference of the expression timing between the early and late gene is caused by the structural difference of the early and the late gene promoter as shown in Fig.1 . In the early gene promoter, many binding sites to the immediate early gene products are tandemly repeated. On the other hand, the number of repeat binding sites in the late gene promoter is fewer than that in the early gene promoter. The binding affinity of the early gene promoter to the immediate early gene products is higher as compared with the late gene promoter. Therefore the expression of the early gene proceeds to that of the late gene. The mechanism regulating the temporally ordered viral gene expression of HSV-1 is clarified as mentioned above. But the function of this expression pattern is not clear yet. The functional meaning of the expression profile of the HSV-1 gene is theoretically studied (Nakabayashi & Sasaki, 2009) . In this chapter, the function of the temporally ordered viral gene expression of HSV-1 is considered from the point of view of the efficiency of the replication of HSV-1. Further, evolution of the temporal expression profile of the viral gene is taken into consideration. From the genome structure of HSV-1, the evolutionary process of HSV-1 is estimated (Umene & Sakaoka, 1999) . Here, the evolution of HSV-1 is evaluated by the efficiency of the replication but not the genome structure. The regulatory system for the efficient replication of virus is developed through the evolutionary process. The HSV-1 genotype whose gene expression is optimally regulated to maximize the virion production is selected through the evolutionary process. It is considered that not only viral replication, but many biological systems, are optimized through the evolutionary process. It is shown that the optimality principle is valid and feasible to understand the mechanism of the biological system (Khanin et al., 2004; Tyurin & Khanin, 2005 . It is confirmed how viral gene expression is temporally regulated to maximize the virion production by using the evolutionary simulation. The obtained expression pattern obtained from the evolutionary simulation is compared with the observed expression profile of HSV-1 gene. Fig. 1 . The structural difference between the early and the late gene promoter. The expression timing of the early and late gene is determined by the structure of their promoters. In the early gene promoter, binding sites for the transcription factor are tandemly repeated. The number of binding sites in the late gene promoter is fewer than that in the early gene promoter.
Function of temporally ordered viral gene expression
The preceding expression of the early gene is necessary for the efficient replication of HSV-1. Though the classification of viral gene is based on the expression timing after infection, the protein function of viral gene is clearly distinguished between the early and the late gene (Nishiyama, 2004) . Early genes encode the enzymes contributing to the DNA replication, while late genes encode the structural proteins of the HSV-1 particle (Cann, 2000) . It is theoretically shown that the preceding DNA replication to the assembly of virion is appropriate for the efficient replication of HSV-1. The replication process is schematically shown in Fig. 2 . Fig. 2 . The intracellular replication cycle of HSV-1. The replication of HSV-1 has started when the genome DNA of HSV-1 invades into the cell. First, the immediate early gene is expressed within 30 min. after infection. Under the control of the immediate early gene, both the early and the late gene are expressed. Early and late gene products contribute to the genome DNA replication and virion assembly, respectively. Finally, the complete virion is newly produced.
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The replication process of HSV-1 is described as a chemical reaction equation as follows: (1).
The time course of HSV-1 replication is calculated from this mathematical model (1). The dependence of the intracellular dynamics of virion on the expression rates of the early and the late gene respectively designated by  E and  L is investigated. As a result, when the expression ratio  E / L exceeds a certain threshold, HSV-1 virion is continuously reproduced. On the other hand, when the ratio  E / L is smaller than a certain threshold level, HSV-1 replication is arrested. To understand this switching mechanism of the HSV-1 replication, model (1) is simplified for the theoretical analysis.
Model (1) is simplified under a certain constraints as follows: 
The diagram of the simplified model (2) is shown in Fig. 3 , the threshold for the continuous replication of HSV-1 without an arrest is analytically obtained as  E / L > 1 / 2 from the simplified model (2) and (3). Here  1 and  2 indicate the reaction rate constant of genome DNA replication and the virion assembly, respectively. Therefore  E  1 and  L  2 indicate the net genome DNA replication and virion assembly, respectively. This continuous replication of HSV-1 is caused by the effect of the positive feedback in the replication cycle. When the replication of genome DNA exceeds the virion assembly, the viral gene expression is further increased from the replicated viral DNA. Inversely, when the virion assembly exceeds the genome DNA replication, DNA of HSV-1 is consumed by the virion assembly. When all of the HSV-1 genome is consumed, HSV-1 replication is arrested because the template of the replication is absent. This result indicates that the temporally ordered viral gene expression, preceding expression of the early gene to the late gene, is necessary for the efficient replication of HSV-1 without an arrest. 
Evolutionary process of HSV-1 gene expression
In this section, the evolution of the regulatory mechanism of HSV-1 gene expression is considered. The temporal profile of HSV-1 gene expression is determined by the structure of the promoter region on the HSV-1 genome. The structure of the HSV-1 promoter is changed by the mutation. For example, binding site is newly produced or lost by the point mutation in the promoter region. In the previous section, it is shown that the replication of HSV-1 is critically affected by the expression pattern of the viral gene. If the expression rate of the early gene is affected by the mutation in the promoter region of the early gene, replication dynamics of this mutant is changed as compared with that of the wild type. It is considered that the mutant with large expression rate of early gene becomes advantageous because of the continuous and efficient replication. It is considered that the frequency of the mutant with large expression rate of the early gene increases through the evolutionary process because of the improvement of the efficiency of the replication. It is hypothesized that the temporally ordered expression pattern of viral genes autonomously evolves through such an evolutionary process to maximize the efficiency of the replication of HSV-1. This hypothesis is confirmed by the evolutionary simulation.
Evolutionary simulation of the viral gene expression
Here, the procedure of the evolutionary simulation is briefly explained. Many genotypes of HSV-1 with various expression rates of the early and late genes are generated by drawing the random number. The production of virion of genotype j until a certain waiting time for the virion release designated by v (j) () is calculated according to the model (1). The frequency of each genotype is determined by the relative virion production designated by
. This process means that the frequency of HSV-1 genotype with gene expression rate increasing the virion production increases its frequency. Mutation is reproduced by adding the random number to the expression rate  E (j) and  L (j) . These processes are iterated over and over. After sufficient iterations, HSV-1 genotype with optimum gene expression rate maximizing the virion production is selected. The procedure of the evolutionary simulation is summarized in Fig. 4 . The initial condition of viral gene expression is set that the expression rate of the early gene is equal to that of the late gene. It is shown by the evolutionary simulation that HSV-1 genotype with large  E and small  L is selected through the evolutionary process. The frequency of HSV-1 genotype with large  E and small  L increases. The mean values of  E and  L increase and decrease, respectively. This result indicates that the temporally ordered gene expression of HSV-1 autonomously evolves to maximize the replication. This result indicates that the preceding expression of the early gene to that of the late gene autonomously evolves from the initial condition when the expression rate of the early gene is equal to that of the late gene to maximize the efficiency of the virion production. If the new binding site to the transcription factor is newly created by the mutation in the early gene promoter, the mutant with large expression rate of the early gene becomes advantageous and increases its frequency. As a result, tandemly repeated binding sites observed in the early gene promoter are created. Inversely, a new binding site in the late gene prevents the efficient replication of HSV-1, because genome DNA of HSV-1 is consumed by the excessively expressed late gene product. HSV-1 replication stops because 36 of the absence of the template of the replication. The binding site in the late gene cannot increase. The structural difference between the early gene promoter and the late gene promoter is reasonable from the view of the optimization of HSV-1 replication. Fig. 4 . The procedure of the evolutionary simulation.
But the genotype of HSV-1 with large  E and or small  L is not always advantageous. There is a condition for the evolution of the temporally ordered HSV-1 gene expression. It is also shown by the evolutionary simulation that the long waiting time for the virion release is necessary to evolve the preceding expression of the early gene to that of the late gene. Waiting time designated by  is the period when HSV-1 replicates its copy in the infected cell until the newly produced virion is released from the infected cell. When waiting time for the virion release is small, HSV-1 genotype with small  E and large  L increases its frequency as shown in Fig. 6 . Fig. 5 . A sample path of the evolutionary simulation. The mean expression rate of the early (red), late (blue) and mean value of virion (black) of 1000 HSV-1 genotypes are plotted. The initial expression rate of the early gene is equal to that of the late gene. The HSV-1 genotype with large  E increases its frequency as generation proceeds. The virion production rapidly increases when the expression ratio of the early gene to the late gene is larger than a certain threshold level. Fig. 6 . A sample path of the evolutionary simulation with small waiting time . HSV-1 genotype with small  E (red) and large  L (blue) increases its frequency as generation proceeds. The virion production (black) slightly increases. Amount of virion remains at a small level as compared with the case when waiting time for the virion release is large.
The virion production of HSV-1 genotype with large  E and small  L is delayed in the initial phase of the replication as compared with HSV-1 genotype with small  E and large  L . As a result, when waiting time for the virion release from the infected cell is small, HSV-1 genotype with small  E and large  L becomes advantageous in spite of the fact that the replication of the HSV-1 genotype with small  E and large  L is arrested after sufficiently long time has passed after infection. Preceding expression of the early gene to that of the late gene cannot autonomously evolve. This result indicates that there is a trade-off between the initial speed and the final amount of virion production. When the expression of early gene becomes large, virion is continuously produced by the positive feedback in the replication cycle. But it takes much time to produce the virion. Inversely, when the late gene expression is large, virion is reproduced faster. But the replication cycle stops after sufficiently long time has passed because the positive feedback of the replication cannot function. To compare the virion production indicated by right-hand side axis in Fig. 5 and 6 , the virion production remains small when  is small. From the results of the evolutionary simulations, it is suggested that HSV-1 develops the efficient replication system with preceding expression of the early gene to that of the late gene under the condition that the waiting time for the virion release from the infected cell is large.
Conclusion
The function and the evolution of temporally ordered viral gene expression is investigated from the point of view of the efficiency of the replication. The preceding expression of the early gene to that of the late gene is advantageous for the continuous replication of HSV-1 without an arrest. Continuous replication of HSV-1 is caused by the effect of the positive feedback in the replication cycle. When the expression ratio  E / L exceeds a certain threshold level, the positive feedback can function. The expression timing of the viral genes is determined by the structure of their promoters. It is suggested by the evolutionary simulation that the tandemly repeated binding sites to the transcription factor in the early gene promoter autonomously evolves through the evolutionary process to maximize the virion production. As the promoter activity of the early gene increases, the efficiency of HSV-1 replication is improved. But large expression rate of the early gene is not always advantageous for the replication. The sufficiently long waiting time for the virion release is necessary to increase the frequency of HSV-1 genotype with large expression ratio of the early gene to the late gene. When waiting time for the virion release is small, the HSV-1 genotype with small  E and large  L that faster, but restrictedly, replicates its copy becomes advantageous. Preceding expression of the early gene to that of the late gene can evolve when the waiting time for the virion release is sufficiently long.
